Abstract-This paper presents a correction algorithm for metal artefacts in CT images using a novel technique known as dual-step adaptive thresholding (DSAT). The proposed artefact correction algorithm was applied to selected artefactual phantom and clinical CT images. The missing projection data due to metal is detected and extracted by double-thresholding technique. The DSAT-based algorithm allows significant reduction of the artefact and preserves most of the anatomical structures in the corrected CT images.
Most of the proposed MAR techniques based-on single step thresholding that used fixed threshold value to identify the metal trace [14] [15] [16] [17] . By this technique, the efficacy of the current MAR technique is limited since there is detail loss in adjacent to the metal object after correction, which is often the region of diagnostic interest [3] .
Therefore, we proposed a novel MAC algorithm with a modified thresholding technique known as dual-step adaptive thresholding (DSAT). DSAT techniques segmented the original sinogram twice for more precise correction. The adaptive thresholding technique is preferable due to noise and uneven intensity distribution in the artefactual image. By this approach, the threshold value is changed dynamically depending on the nature of the image background. In this paper, the potential of the proposed MAC algorithm for artefact correction in both phantom and clinical CT images is reported and further explored.
II. METHODS

A. Image Acquisition
A customized phantom was constructed to simulate the metal streaks artefact comparable with clinical findings. The phantom was made up of tissue equivalent material and consists several inserts. Fig.1 show the customized phantom that consists bone substitutes (Teflon) insert, holding Titanium and Stainless rods.
The phantom was scanned using Siemens SOMATOM Definition AS+ CT Scanner Siemens Healthcare, Germany), at the Radiology Department in Hospital Universiti Sains Malaysia (HUSM). The standard clinical setting, 120kVp and 200mAs was used for the phantom scanning. The selected image dataset was used for application of the proposed MAC algorithm.
Institutional committee review for the ethical approval on clinical study was obtained. Ten clinical images were blindly selected from the patient database for MAC validation. 
B. DSAT-MAC Algorithm
A MATLAB routine for the proposed MAC was developed. Several correction steps were established for the metal artefact correction.
Step 1: Virtual sinogram acquisition
The proposed MAC algorithm works on projections data in sinogram space. The sinogram is directly computed using forward projection of the CT images based on work done by Abdoli et al. [11] . The calculated sinogram is known as virtual sinogram since it is a simulated projections data of the reconstructed CT images. It has similar properties with the real CT raw data, but the file size is much smaller and easy to be handled.
Step 2: Dual-step adaptive thresholding (DSAT)
A novel DSAT approach involves dual-thresholding of the original sinogram to detect the region corresponding to artefacts. Two high-density regions were segmented independently from the original sinogram, g o through this technique (Fig.2 ).
The first thresholding identified the corrupted data pertaining to metal in the background sinogram applicable for next interpolation step. The metal region is segmented from the original sinogram, resulting in metal-only sinogram (Fig.1e ). Since the metal region has pixel values higher than 4000HU, then first threshold value, T metal was set at the highest possible value, but depending on the local properties of the original images. As the metal trace was detected and removed from the original sinogram, a sinogram subset was obtained:
(
where g soft is the background sinogram without metal region and g metal is the metal-only sinogram.
In the second thresholding, original sinogram were again segmented to identify the high-density voxels, including the metal and bony part ( Fig.1c and 1f) . The second threshold value, known as T bone was set at a lower value than first threshold, T metal as to include both metal, M and bone, B regions. The second thresholding computed a subset of the boneonly sinogram, g bone from the original sinogram:
The second thresholding preserved other anatomical structures in adjacent to the metal object such as bone in the final-corrected image.
Step 3: Projection interpolation The missing data pertaining to metal in the first segmented sinogram, g soft are replaced by calculated values from the interpolation technique. This approach is known as projection completion, whereby the corrupted region within the projection is interpolated with the appropriate artificial value prior to image reconstruction. The proposed interpolation correction is the cubic spline interpolation based on work done by Bazalova et al. [16] . The cubic spline works by considering four neighbouring points in the projections at each projection angle to generate the interpolated sinogram, g interp .
Step 4: Final image reconstruction
Finally, two selected images were reconstructed individually for the next image fusion step. The first image is the interpolated background image, f interp and the second segmented image, which is the bone-only image, f bone . Following image reconstruction, filtering technique is applied to both images. Lastly, both filtered images were fused together to obtain the final-corrected CT images, F c .
C. Image Evaluation
Quantitative and qualitative analysis were conducted on the final-corrected images to evaluate effectiveness of the proposed MAC algorithm for metal artefact correction. The region of interest (ROI) statistical analysis is performed on the corrected images. The deviation in mean attenuation (in Hounsfield Unit, HU) and noise within the defined ROIs is calculated. The signal-to-noise ratio, SNR level is determined from the result of mean attenuation (HU) and noise in each defined ROI based on work done by Paul et al. [17] : (3) All parameters such as CT fluctuation (HU), image noise, and SNR are compared to measure the distortion between the original and corrected images. The percentage of metal artefact reduction was also determined by calculating area reduction of the streaks.
III. RESULTS
The MAC algorithm was applied on both phantom and clinical CT images for artefact correction. In the original image, the dark streaks were more prominent along the direction of the metal inserts that disrupted the uniformity of the CT number. Our results from both corrected phantom and clinical images show that the application of the proposed MAC algorithm has significantly reduced metal artefacts and preserves the structures in adjacent region to the metal inserts. Figure 3 . Phantom images before and after application of the DSAT-MAC algorithm. Fig. 3 shows the phantom images (labelled as phantom #1-3) with different positions of metal inserts inside the Teflon rod. After the application of the DSAT-MAC algorithm, the metal artefacts were successfully removed (marked by the arrows). Both dark and bright streak region in adjacent to the metal insert were significantly reduced in the final corrected images.
From the statistical results, background noise is significantly reduced in all corrected phantom images. In phantom images, noise is reduced by 14-19% after MAC application. Besides, the corrected images demonstrate an enhanced SNR level as compared to the original images. The SNR level is increased by 54.1% and the mean difference is statistically significant in the corrected image. 4 shows the original and corrected clinical CT images by different thresholding techniques. A comparative study was done between the current technique of singlethresholding (Fig.4b ) and our proposed technique using dual-thresholding (Fig.4c) . The findings show that the proposed DSAT technique yields better results in metal artefacts correction and also preserved tissue structures near the pedicle screws to a large extent. However, the singlethresholding technique removed the bone structures in the corrected images (Fig.4b) . With single threshold, all the high-density region is segmented simultaneously at the metal value, T metal .
The proposed MAC technique shows excellent performance in artefact suppression on both phantom and clinical images. Unlike other MAR methods which are based on single thresholding technique, it can effectively preserve the adjacent anatomical structures near the metal objects. The proposed dual-step thresholding offers more precise image segmentation to retain the high-density region in the final corrected image.
Our results indicate that in images containing single and simple shape of metal insert, the proposed algorithm performs well. However, in more severe artifactual images containing multiple metal inserts with a complex shape, the artefacts are not completely removed due to incomplete data interpolation. The interpolation becomes less reliable as greater region of missing data is involved for correction.
IV. CONCLUSION
In this paper, we demonstrated that the proposed MAC technique is capable of correcting the metal-induced artefacts for phantom and clinical CT images. For a more accurate metal segmentation, the novel DSAT technique is proposed. The proposed technique shows significant improvement in image quality and also preserve the highdensity structures in the final corrected images. After MAC application, the background noise in the corrected phantom images is significantly reduced and the SNR level is enhanced. The statistical analysis yet confirms our qualitative findings of metal artefact reductions.
